assuming the noise source to be of white process.
Suppose that the core is equipped with M neutron detectors, whose locations are denoted by ai(0<ai<L), i=1, .., M. For the output signal of the i-th detector, letting y,(t) be the deviation of detection rate from its averaged value, we obtain ( 4 ) where e is the detector efficiency, and vi(t) the observation noise due to stochastic detection process. Their expectations and covariances are assumed to be ( 5 ) The description of the system dynamics and the point observation devices is completed. Now, letting p(t) be the optimal estimate of p(t) based on whole data available at time t, {yi(s); i= 1, .. , M, 0<=s<=t}, we have the filter equation ( 6 ) ( 7 ) where p= [ The two-dimensional symmetric matrix P(x,x1; t) represents the error covariance of estimation where p=p-p.
(10)
Among the parameters in Eqs. ( 6 )- ( 9 ), determination of the statistics Q and ri might require some identification experiments for individual reactors.
For zero power reactors, however, linear response theory of the firstorder stationary Markoffian process (8) is reportedly applied with success. In this paper, in accordance with the theory, Schottky formula is employed in determination of these parameters.
Letting ps(x) and Cs(x) be the stationary distributions of neutron flux and precursor density, respectively, and using the notations the covariance matrix Q is given by (11)
III. EIGENFUNCTION EXPANSION
When the filtering process is stationary, the error covariance matrix becomes a timeindependent matrix P(x, x1). For numerical computation of P(x, x1), the eigenfunction expansion method will be adopted.
The eigenvalues of the operator I ., are found from calculation to be the roots oki (i-1, 2) of the equation (14) Thus obtained are two sequences of the eigenvalues, one of which converges to -l (l-mode) and the other diverges to -oo (p-mode). They are distinguished by the suffix i: i=1 and 2 stand for land p-mode, respectively.
The eigenfunction p ki and the conjugate eigenfunction p ki that correspond to oki are given by In the right-hand side of Eq. (12), the first two terms are called single noise equivalent source, and the last term is called binary noise equivalent source. The term p2p(x-x1) /px2 reflects the spatially non-whiteness of the noise equivalent source. Moreover, assuming that the neutron detectors are of absorption type, or that secondary neutron emission from the detectors contributes little to the detection rate, we obtain ri(t)-=ESfps(ai).
For simplicity, the input noise and the observation noise are considered to be statisti-
Making use of these eigenfunctions, let us put P(x, x1) into an expansion
By the orthogonality relation (17), the coefficients p mj ki are written as (20) Supposing that the stationary flux is given
let us derive the equation to be satisfied by the coefficients p m3 ki. In the first place , the expansion coefficients q mj ki of Q(x ,x,) become (22) by applying the similar relation as Eq. (20) (27) where ski(t) is the expansion coefficient of the state vector p, i.e.,
and s ki(t) is the optimal estimate of ski(t). Equation (26) we know that either addition of a detector or increase of the detector efficiency meets this condition. Now, let us consider the amelioration that may be caused by selection of the detector location, assuming that there exists one detector in the core, located at a. For this case, any change of location Da decreases bTOb for some b, which negates the possibility mentioned above. This fact is clearly confirmed by letting all the terms bk1+bk2 to be zero except one term that is chosen appropriately for both a and Da. Inversely, it is concluded that there never exists the optimum location that minimizes bTOb for all b. A numerical example in the next chapter substantiates this assertion even for the center location.
However, if the objective of the filtering is limited to the estimation of a specified quantity expressed in terms of p and C, there would exist the most reasonable locations for the purpose.
Hereafter, we shall take the following quantities, and consider their error variances of estimation as the index to be optimized.
(1) Total neutron fluxes and total precursors in the core, SL0p(x.,t)dx and SL0C(x, t)dx.
The error variances are denoted by Ip and I c, respectively. 
V. NUMERICAL RESULTS

AND DISCUSSIONS
For the distributed parameter Kalman filter, some calculations are executed in order to examine its usefulness and to compare estimation accuracies among various allocations of the neutron detectors in the core. In computing, the infinite dimensionality of Eq. (26) The core parameters assumed are described in Table 1 . Table 2 shows the eigenvalues for the reactor model assumed. The reactivity of this core was found from calculation to be -18.5 c. For neutron flux and precursor density, the relative standard deviations were about 4 and 1%, respectively, at the center of the core. Throughout the computations, the detector efficiency e was assumed to be 0.05.
First, Fig. 1 illustrates the effect of the detector location on the estimation of the flux distributions.
The solid lines depict the error variance P11(x, x) in estimating the value of flux at the position x in the core. The parameter a denotes the detector location from one boundary of the core. The dotted line is for reference, denoting the variance of local fluctuations in neutron flux. Notice that the error variance reduces especially near the detector location. This feature implies that optimal For the case of one detector, the estimation accuracies vs. the detector location are shown in Fig. 2 . The curves of Ip, Ic, sQp and SQc are also parabolic as those in Fig. 2(a) , though they are not presented in this paper. For a single detector located at the center, these indexes are 0.41, 0.96, 0.31 and 0.94, respectively. The values may well demonstrate the utility of Kalman filter for estimation of the distributions.
As alluded in the preceding chapter, the center of the core proves to be the worst location for the estimation of the second harmonics (see Fig. 2(b) ). To understand this matter, remember that Si, denotes the accuracy in estimating the amplitude of the (k, i)-mode, and that the sine function of this mode has (k-1) nodes and k extrema within the core. Hence, the neutron detector located at these nodes does not seem to carry much information about the mode. This conjecture looks supported by most of the curves in Fig. 2 , with exception of S31 in Fig. 2(c) .
The apparent disagreement might be explained by the correlation of s" and s". This correlation results from the modal correlation of the noise equivalent source q 31 11, which is a nonzero element as noted before.
Thus s" can be estimated indirectly through the estimation of s11.
For such a case, using a static analysis of covariances, the estimation accuracy S31 is approximately equal to where (39)
For the derivation of the formula (39), see Appendix.
Figure 2(a) shows that S11=0.94 at a=L/3.
The approximate value is then found from calculation to be 0.017, which appears to validate the above reasoning.
But, it is also noticed that the value is somewhat lower than the true value 0.022 shown in Fig.  2(c) . This difference is ascribed to the fact that the analysis leading to the approximation (39) does not take the system dynamics into consideration.
Finally, all the correlation coefficients between sk, and the amplitude of the k-th harmonics of precursor density, were found to be greater than 0.999. Stronger correlations were noticed between sk2 and that of neutron flux density, Aek=sk1+sk2" except for the case k=1 where the coefficient was about 0.98. From the standpoint of estimation accuracy, Ack and Aek are thus ascertained to be closely related to sk1 and sk2 respectively.
For the case of the core having two detectors located at a, and a,, Fig. 3 illustrates the configurations of some indexes by means of contour lines, where the accuracies associated with the adjacent lines are of equal difference unless otherwise stated.
They are drafted based on the computational results for the locations ak=(i/10)L, 1=1, 2, .. , 9. The values of estimation accuracy on the a1-axis should be interpreted as those for one detector at a1. The values on the diagonal line a1=a2 denote those for the detector that has a detector efficiency 2e. In Fig. 3(f) , the dotted line is used for S32=0.015 in order to evade confusion.
The figures of Ic and S11 are omitted since they quite look like that of SQc, except that there exists only one peak in the formers. The resemblance is ascribed to the fact that pn is the dominating term in Eqs. (34) and (36). In addition, a single peak was observed for Si, Ip and SQp. The existence of two peaks in SQc reflects the importance of the higher modes sk, in estimating the shapes of the distributions.
In fact, Eqs. (33)~(36) imply that SQc and SQe depend heavily on the estimation of the higher modes as compared with Ic and Ie Moreover, as shown in Fig. 2(a) , the fundamental mode s11 is readily estimated as compared with s12. The above features explain the notable appearance of SQc. The optimum locations are indicated in Table 3 . A distinct feature noticed from Fig.  3 (c)~(f) is that the indexes on the diagonals are not so much better than those in Fig. 2(b) and (c), which corresponds to the case of one detector.
Namely, for estimation of the spatial harmonics, one should employ two detectors installed with some distance rather than employ one detector whose efficiency is 2e. For example, as shown in Table 3 , the estimation accuracy S21 can be raised up to 0.37 by the optimization of the locations while the accuracy is lower than 0.04 on the diagonal of Fig. 3(c) . The notable difference of estimation accuracies between C (Fig. 4(a) ) and p ( Fig. 4(b) ) might be attributed to the difference in the eigenvalues ok1 and ok2 (see Table 2 ). That is, the power spectrum of the precursor fluctuations has relatively low break-frequency.
Comparatively speaking, this property is favorable to estimation of precursor density.
VI. CONCLUDING REMARKS
The calculations presented suggest the applicability of Kalman filter, especially to the estimation of the distribution of precursors. Taking into account the existence of established method for determination of the input noise sourse, this paper is devoted to the study of zero power reactors.
For power reactors, however, the estimation of the spatial distributions of flux and power is a subject of great importance from the standpoint of anomaly diagnosis or optimized control. Although the optimal filtering technique appears to be promising for power reactors as well, the study of this case is left to future investigations, since analytical treatment of the fluctuations has not been developed fully.
The eigenfunction expansion method was employed in obtaining the error covariance matrix of estimation.
Since numerical computations need truncation of the infinite series, some error analysis may be required for more precise evaluation of the estimation performances. For the realization of Kalman filter, there seem to exist two problems, i.e., the implementation of the partial differential equation ( 6 ) , and the identification of the core parameters including the statistics of the fluctuations. Especially for the latter, some parameters are difficult to determine precisely. Accumulation of estimation errors can be caused by discrepancies between the mathematical model used to design Kalman filter and the actual conditions under which the filter must operate. Hence incorporation of some adaptive structure, consisting of identification and modification, would be desirable in view of stable filtering process.
[APPENDIX] 
